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Natural rubber is an indispensable commodity used in approximately 40,000 products and is 21 fundamental to the tire industry. Among the species that produce latex, the rubber tree [Hevea 22
brasiliensis (Willd. ex Adr. de Juss.) Muell-Arg.], a species native to the Amazon rainforest, is 23 the major producer of latex used worldwide. The Amazon Basin presents optimal conditions for 24 rubber tree growth, but the occurrence of South American leaf blight, which is caused by the 25 fungus Microcyclus ulei (P. Henn) v. Arx, limits rubber tree production. Currently, rubber tree 26 plantations are located in scape regions that exhibit suboptimal conditions such as high winds 27
and cold temperatures. Rubber tree breeding programs aim to identify clones that are adapted to 28 these stress conditions. However, rubber tree breeding is time-consuming, taking more than 20 29 years to develop a new variety. It is also expensive and requires large field areas. Thus, genetic 30 studies could optimize field evaluations, thereby reducing the time and area required for these 31 experiments. Transcriptome sequencing using next-generation sequencing (RNA-seq) is a 32 powerful tool to identify a full set of transcripts and for evaluating gene expression in model and 33 non-model species. In this study, we constructed a comprehensive transcriptome to evaluate the 34 cold response strategies of the RRIM600 (cold-resistant) and GT1 (cold-tolerant) genotypes. 35 Furthermore, we identified putative microsatellite (SSR) and single-nucleotide polymorphism 36 (SNP) markers. Alternative splicing, which is an important mechanism for plant adaptation under 37 abiotic stress, was further identified, providing an important database for further studies of cold 38 tolerance. 39 to elucidate the mechanism of cold acclimation in plants and can be effective for selecting 51 candidate genes. Moreover, candidate genes can be targeted to identify genetic variation and 52 develop molecular markers. 53
Hevea brasiliensis [(Willd. ex Adr. de Juss.) Muell-Arg], commonly known as the rubber tree, is 54 a perennial tree crop native to the Amazon rainforest. The species, belonging to the 55 Euphorbiaceae family, is monoecious, undergoes cross-pollination and has a chromosome 56 number of 2n = 2x = 36. Among the 2,500 species that produce natural rubber (cis-1,4-57 polyisoprene), H. brasiliensis is the only species that produces high-quality rubber in 58 commercially viable quantities, accounting for more than 98% of total worldwide production 59 (Pootakham et al., 2017) . 60
Natural rubber is one of the most important raw materials for many industries and cannot be 61
replaced by synthetic alternatives due to its unique properties, such as flexibility, elasticity and 62 abrasion resistance (Sakdapipanich, 2007) . Natural rubber is an essential commodity for the tire 63 industry and for the manufacture of more than 40,000 products. 64
Although the Amazon basin offers a suitable climate for this crop, Southeast Asia is the major 65 producer of rubber, being responsible for 92% of worldwide production. South America is 66 responsible for only 2% of worldwide rubber production, due to the occurrence of the fungus 67
Microcyclus ulei (P. Henn) v. Arx, which causes South American leaf blight (SALB). SALB was 68 responsible for devastating plantations in northern Brazil in the 1930s and remains a permanent 69 threat to the rubber industry (Pushparajah, 2001) . To date, the rubber tree plantations in 70
Southeast Asia have not been affected by SALB, but other native pathogenic fungi are threats to 71 rubber production. The two major fungal pathogens in Southeast Asia (Phytophthora and 72 Corynespora) cause leaf fall and, consequently, significant losses of natural rubber yields 73 (Pootakham et al., 2017) . Due to the occurrence of diseases, plantations have been expanded to 74 sub-optimal areas of some countries, such as northeastern India, the highlands and coastal areas 75
of Vietnam, southern China and the southern plateau of Brazil (Priyadarshan et al., 2005) . These 76 areas are characterized by new stressful conditions, such as cold and dry periods. 77
The exposure of rubber trees to low temperatures can cause leaf necrosis, affecting tree 78 development and latex production (Priyadarshan et al., 2005; Mai et al., 2010) . In addition, low 79
temperatures are responsible for halting latex production for 1-3 months per year (Rao et al., 80 1998; Jacob et al., 1999) . 81
In recent years, there has been an exponential increase in genomic data acquisition for the rubber 82 tree, including transcriptome profiles (Mantello et have focused on identifying the set of genes involved in the response to chilling stress tolerance. 87
To understand this mechanism, we conducted a chilling stress experiment (10°C) with the clones 88 GT1 and RRIM600, which exhibit high yields and are recommended for planting in escape areas. 89
The 
Data Filtering 122
The raw data generated via Illumina sequencing in the BCL format were converted to the qSeq 123 format using Off-Line Basecaller v.1.9.4 (OLB) software. We further converted the qSeq files 124
into FastQ files using a custom script. Therefore, the raw reads were split by the corresponding 125 barcodes, and the barcode regions were trimmed using the Fastx- information. The Transdecoder-predicted proteins were also searched for protein domain 165 homology in the Pfam database using the HMMER 3.1 tool hmmscan (hmmer.org.). All the 166 annotations were filtered with an e-value of 1e-5 and placed into a tab-delimited file. 167
Differential Gene Expression 168
Reads from each library were aligned to the reference transcriptome with Bowtie2 v.2.2.6 169 (Langmead and Salzberg, 2012) , and the estimation of gene transcript abundance was performed 170 with RSEM v.1.2.28 (Li and Dewey, 2011) using a Trinity accessory script 171 (align_and_estimate_abundance.pl). The differential gene expression analysis was performed 172
with limma-voom (Law et al., 2014) , which estimates precision weights based upon an 173 expression mean-variance trend to facilitate Bayesian-moderated, weighted t-stastitics (Soneson 174 and Delorenzi, 2013), with at least 10 counts per million (CPM) in at least 3 samples. Three 175 biological replicates for each condition were provided for this analysis. We considered a gene to 176 be differentially expressed using a false discovery rate (FDR) cut-off ≤ 0.05. The pairwise 177 comparison was performed between RRIM600 and GT1 for each time-series of the cold 178 treatment: RRIM600 0h x GT1 0h, RRIM600 90min x GT1 90min, RRIM600 12h x GT1 12h, 179
RRIM600 24h x GT1 24h. 180
Gene Ontology Enrichment 181
The DEGs identified previously were subjected to GO enrichment analysis using GOseq with a 182 FDR cut-off ≤ 0.05 (Young et al., 2010) . The enriched terms were submitted to REVIGO (Supek 183 et al., 2011) with a medium similarity allowed (0.7) to summarize the enriched terms. 184
Putative Molecular Marker Identification 185
Putative Microsatellites (SSRs) were identified using the MISA (MIcroSAtellite) script 186 (http://pgrc.ipk-gatersleben.de/misa/). SSR regions were defined as containing at least a six motif 187 repetition for dinucleotides and 5 for tri-, tetra-, penta-and hexanucleotides. 188
The identification of putative SNPs was performed for each genotype. The reads obtained in this 189 study were mapped against the reference transcriptome with bwa-mem (Li and Durbin, 2009) 190 following the default parameters. SAM files were converted into BAM files using SAMtools. 191 Additionally, we used SAMtools to sort mapped reads and remove unmapped reads. PCR 192 duplicates were removed with Picard (http://broadinstitute.github.io/picard). The software 193
Freebayes (Garrison and Marth, 2012) with the Quantitect Reverse Transcription kit (Qiagen Inc., Chatsworth, CA, USA) using 500 ng 203 of total RNA. The cDNAs were then diluted 1:5, and 2 µl from each sample aliquoted for qPCR. 204
The qPCR assays were carried out with iTaq Universal SYBR® Green Supermix (Bio-Rad 205
Laboratories Inc., Hercules, CA, USA), following the manufacturer"s instructions, and 3 µM 206 primer mixture. The qPCR assays were performed using the CFX384 Real-Time PCR Detection 207 System , with the following cycling conditions: 95°C for 10 min, followed by 40 cycles of 95°C 208 at 30 s and 60°C at 1 min. 209
All qPCR experiments were performed using three technical and three biological replicates, with 210 the exception of RRIM 600 at 0 h and 12 h of treatment, for which only two biological replicates 211
were included due to the lack of RNA for one of the biological replicates. The DEAD box RNA 212 helicase (RH2b) and mitosis protein (YSL8) genes were used as internal controls. To confirm the 213 presence of a single amplicon of the PCR product, melting curve analysis was performed with 214 temperatures ranging from 65°C to 95°C in increments of 0.5°C. The Cq values and baseline 215
were determined with CFX Manager 2.1 software (Bio-Rad Laboratories, Inc., USA). The 216 primers used in this study are described in Supplementary Table 1 . 217
Alternative Splicing Identification 218
The filtered transcripts and AS events defined by PASA were processed using an in-house 219 pipeline. This pipeline identifies and re-classifies AS events simultaneously encompassing 220 alternative 5" and 3" splice sites (Chamala et al., 2015) . Furthermore, a minimum of 10 reads 221 mapped at the splice junction was set as the threshold for considering an AS event. 222
3
Results 223
Sequencing and Transcriptome Assembly 224
In the present study, we sequenced leaf tissue from the RRIM600 and GT1 genotypes. (Table 1) . When we summarized the total HQ PE reads from both genotypes, we obtained 230 933,614,104 M reads, which were employed to construct the reference transcriptome. 231
To generate a comprehensive transcriptome, we used the PASA pipeline to update and maximize 232 the recovery of gene structure and spliced isoforms. The 39,351 non-redundant ESTs from NCBI  233 were combined with 335,212 transcripts obtained in the genome-guided assembly and the 234 114,718 filtered transcripts obtained from genome annotation (Supplementary Material 1) and 235 then aligned against the rubber tree genome (Tang et al., 2016) . 236 A total of 250,458 transcripts were obtained, which clustered with 162,278 genes. The N50 was 237 2,095 pb, and the GC content was 40.31%. These transcripts were filtered out according to their 238 length (≤ 500 bp), their similarity to non-plant sequences via BLASTX and whether the genome 239
annotation was the only evidence of the prediction. After filtering the transcripts obtained using 240
PASA, a total of 104,738 transcripts were obtained and clustered with 49,304 genes (Table 2) . 241
Although a public annotation is not available, the total number of predicted genes in this study 242 was similar to the prediction of Tang et al. (2016) for the rubber tree genome assembly (43,792 243 genes). The N50 of the reference transcriptome obtained in this study was 2,369 bp with a GC% 244 content of 40.16% (Table 2) . Of the total transcripts, 37,302 (35.6%) ranged in size from 1,000 245 bp to 1,999 bp, and 36,681 (35%) transcripts were longer than 2 kb. The 104,738 transcripts 246
were considered a reference transcriptome and employed for further analysis. 247
Functional Annotation 248
The transcriptome was subjected to BLAST searches against the SwissProt/UniProt, Pfam, Gene 249
Ontology and KEGG databases with an e-value cut-off of 1e-5. In total, 63,983 (61%) transcripts 250
were annotated against the SwissProt/UniProt database using BLASTX. In addition, among the 251 94,166 proteins predicted with Transdecoder, 42.262 (44.9%) were annotated based upon 252 BLASTP. 253
The Pfam annotation contained protein domains for 67,628 (71.8%) predicted proteins. The top 254 20 protein domains are presented in Figure 1 . The most abundant type of protein domain was a 255 protein kinase domain, which was found in 2,415 proteins. The protein kinase superfamily 256 catalyzes the reversible transfer of the gamma-phosphate from ATP to amino acid side chains of 257 proteins. These enzymes are involved in the response to many signals, including light, pathogen 258 invasion, hormones, temperature stress, and nutrient deprivation. The activities of several plant 259 metabolic and regulatory enzymes are also controlled by reversible phosphorylation (Stone and  260 Walker, 1995). The next three most abundant gene families identified were the protein tyrosine The GO annotation retrieved a total of 58,500 terms for the Biological Process (BP) category, 271 61,467 terms for Molecular Function (MF) and 62,795 terms for Celular Component (CC). In 272 addition, a total of 62,077 transcripts were annotated in the KEGG database. 273
Digital Gene Expression Analysis 274
To investigate the chilling stress response strategy between the rubber tree genotypes, we 275 performed a pairwise comparison for each time series between GT1 and RRIM600. Prior to 276 exposing the plants to cold stress (0 h), 624 genes were up-regulated in RRIM600 relative to 277 GT1 (RRIM600 0h x GT1 0h), while 732 genes were up-regulated in GT1 0h relative to 278 RRIM600 0h. After 90 minutes of cold stress exposure, we identified 514 genes that were up-279 regulated in RRIM600 90 min compared to GT1 90 min and 854 up-regulated genes in GT1 90 280 min relative to RRIM600 90min. Moreover, a total of 569 genes and 1034 genes were up-281 regulated in RRIM600 after 12 h and 24 h of cold stress exposure, respectively. Nevertheless, the 282 GT1 genotype exhibited 610 and 875 up-regulated genes relative to RRIM600 after 12 h and 24 283 h of cold treatment, respectively (Figures 2 and 3) . 284
Since the DEG analysis was performed by comparing the RRIM600 and GT1 genotypes for each 285 time point of cold treatment, we compared the up-regulated genes previously identified for each 286 genotype across all time points in order to identify genes that were commonly and exclusively 287 up-regulated in the relative comparison between each treatment time. For the RRIM600 288 genotype, we detected a total of 229 genes that were exclusively up-regulated at 0 h ( Figure 3A ). 289
After 90 minutes, 12 h and 24 h, we identified 100, 125 and 567 exclusively up-regulated genes, 290
respectively. Moreover, a total of 208 RRIM600 genes were commonly up-regulated within the 291 entire series ( Figure 3A and C). 292
Whereas, there were a total of 143 up-regulated genes identified in GT1 relative to RRIM600 293 that were exclusively up-regulated at time 0 h and 235, 110 and 390 genes that were exclusively 294 up-regulated after 90 minutes, 12 h and 24 h, respectively ( Figure 3B ). Furthermore, a total of 295 255 genes were commonly up-regulated across the time series ( Figure 3B and D). 296
One of the genes up-regulated in RRIM600 relative to GT1 after 90minutes of cold stress was 297 identified as a putative stelar K + "outward-rectifying" channel (SKOR) based upon a high 298 BLAST similarity. Furthermore, two SKOR genes were up-regulated after 12 and 24 h of cold 299 stress, one of which was among the ten most highly expressed genes after 12 h of treatment 300 ( to the aquaporin subfamily plasma membrane intrinsic protein 2;5 (PIP2;5). The PIP2;5 gene 308 was up-regulated across all time points in GT1 and was among the top ten up-regulated genes 309
after 12 h and 24 h of cold treatment (Table 3 , Supplementary Table 2 ). 310 A putative soybean gene regulated by cold 2 (SRC2) was up-regulated in RRIM660 across all 311 time points. SRC2 is believed to play a role in cold stress responses in Arabidopsis (Kawarazaki 312 et al., 2013) and soybean (Takahashi and Shimosaka, 1997) . Notably, the log-fold-change in 313 RRIM600 24h relative to GT1 24h was greater than the log-fold-change at earlier periods of cold 314 treatment ( Supplementary Table 2 ). 315
We also observed up-regulated genes in GT1 24h relative to RRIM600 24h , which were related 316
to cell growth, such as the gene with high similarity to the LONGIFOLIA 1 (LNG1) protein, 317
which in association with LONGIFOLIA 2 (LNG2) regulates leaf morphology by promoting 318 longitudinal polar cell elongation (Lee et al., 2006 
Protein Domain Homology among DEGs 327
Prior to cold stress, we detected four genes up-regulated in RRIM600 0h relative to GT1 0h with 328
the Apetala 2 (AP2) domain. The AP2 genes show high similarity to ERF119, which may be 329 involved in the regulation of gene expression by stress factors and by components of stress signal 330 transduction pathways. The IQ calmodulin-binding motif domain was detected in six up-331 regulated genes in GT1 0h relative to RRIM600 0h. At 90 minutes, the number of up-regulated 332 genes in GT1 containing this domain increased to eight (Table 4 ). The IQ calmodulin-binding is 333 a major calcium (Ca 2+ ) sensor and orchestrator of regulatory events through its interaction with a 334 diverse group of cellular proteins (Rhoads and Friedberg, 1997) ( Supplementary Table 2 ). 335
We also identified five up-regulated genes in RRIM600 12h compared to GT1 12h containing 336 the VQ motif (Table 4 ). This domain is a plant-specific domain characteristic of a class of 337 proteins that regulates diverse developmental processes, including responses to biotic and abiotic 338 stresses, seed development, and photomorphogenesis (Jing and Lin, 2015) . 339
After 24 h of cold treatment, the most abundant domain among the up-regulated genes in 340 RRIM600 24h was the NB-ARC domain, which is a signaling motif that is shared by plant 341 resistance products and is a regulator of cell death in animals (van der Biezen and Jones, 1998). 342
The next two most common domains were UDP-glucuronosyl/UDP-glucosyl transferase, which 343 catalyzes the transfer of sugars to a wide range of acceptor molecules and regulates their 344
activities ( regulated genes with a salt stress response/antifungal domain were identified in GT1 24h (Table  355 4). 356
Interestingly, we identified two up-regulated genes containing cold shock domain-containing 357 protein 3 (CSP3) domain that were up-regulated in RRIM600 0 h. This protein domain shares a 358 cold shock domain with bacterial CSPs and is involved in the acquisition of freezing tolerance in 359 plants. In Arabidopsis, overexpression of these genes in transgenic plants confers enhanced 360 freezing tolerance (Kim et al., 2009) . We also identified one up-regulated gene with high 361 similarity to the serine/threonine-protein kinase HT1 in RRIM600 0h ( Supplementary Table 2 ). 362
In Arabidopsis, the HT1 gene product has been reported to control stomatal movement in 363 response to CO 2 (Hashimoto et al., 2006) . 364
In plants, the cold stress signal is transmitted to activate CBF-dependent (C-repeat/drought-365 responsive element binding factor-dependent) and CBF-independent transcriptional pathways, 366
where the CBF-dependent pathway activates the CBF regulon (Chinnusamy et al., 2010). Some 367
transcription factors, such as the ERF/AP2 factors, RAP2.1 and RAP2.6 and the C2H2-type zinc 368
finger STZ/ZAT10, are cold response genes belonging to the CBF regulon (Fowler and 369 Thomashow, 2002) . In this study, we identified one up-regulated gene sharing high similarity 370
with the transcription factor ZAT10 in RRIM600 after 90 min and 12 h of cold stress. 371
Interestingly, GT1 contained a putative ZAT10 gene up-regulated only at 24h. (Supplementary  372  Table 2 ). 373
The pentatricopeptide repeat (PPR) superfamily is one of the largest gene families in plants. For 374 example, more than 400 members of this group have been identified in both rice and Arabidopsis 375 (Yuan et al., 2009 ). Most of the PPR proteins are targeted to the chloroplast and mitochondria 376 and are involved in many functions. They play important roles in response to developmental and 377 environmental stresses. Additionally, a set of PPR genes has been reported to be involved in 378 abiotic stress response regulation in Arabidopsis, through ROS homeostasis or ABA signaling 379 (Zsigmond et al., 2008) . In this study, we observed that the number of up-regulated PPR genes 380 increased in RRIM600 and GT1 after 24 h of cold treatment. Prior to cold stress, RRIM600 381 showed six up-regulated genes, while GT1 had three up-regulated genes. However, after 24 h of 382 chilling stress, RRIM600 revealed 14 up-regulated PPR genes, whereas GT1 presented seven 383
( Supplementary Table 2 ). 384
DEG GO Enrichment 385
To identify enriched GO terms, we performed a GO enrichment analysis with the up-regulated 386 genes identified in RRIM600 and GT1 for each time point ( Supplementary Table 3 ). Among all 387
terms identified for all up-regulated genes in each genotype, a total of 32 non-redundant 388
Biological Process (BP) terms were identified across the time series in RRIM600. Furthermore, 389
we detected a total of 20 and 31 distinctive terms in the Cellular Component (CC) and Molecular 390 Function (MF) categories, respectively. However, GT1 presented a total of 102 non-redundant 391 terms in the BP category. The CC and MF categories exhibited a total of 37 and 44 unique terms, 392
respectively. 393
We observed enriched BP terms related to defense, such as the defense response (GO:0006952), 394 cellular defense response (GO:0006968) and innate immune response (GO:0045087), in the up-395 regulated genes prior to cold stress (0h) in the RRIM600 genotype. Additionally, we observed a 396 substantial increase in the number of sequences related to the defense response category. Before 397 cold treatment, RRIM600 contained 71 up-regulated genes in this category. After 24 h, we 398 observed a total of 97 genes associated with defense responses. The GT1 clone began to exhibit 399 enriched stress responses categories related after 90 minutes of cold treatment, such as the 400 defense response (GO:0006998) ( Supplementary Table 3 ). Interestingly, we also observed that 401 the GT1 gene set was enriched for the lignin biosynthetic process (GO:0009809) and lignin 402 metabolic process (GO:0009808) at 90 m. Across all time points, GT1 showed enriched 403 categories such as cell wall (GO:0042546), plant-type cell wall biogenesis (GO:0009832), plant-404 type cell wall organization or biogenesis (GO:0071669) and cell wall biogenesis (GO:0042546) 405
( Supplementary Table 2 ). Under cold stress, the secondary cell wall may be reinforced by the 406 incorporation of lignin, which strengthens the wall and impedes cell damage and water loss (Le 407 Gall et al., 2015) . 408
After 24 h at 10°C, the respiratory chain category was enriched in the up-regulated genes in 409 RRIM600 24h (GO:0070469), whereas the up-regulated genes identified in GT1 24h exhibited 410 enriched terms such as thylakoid part (GO:0044436), photosystem II (GO:0009523) and 411 photosystem II oxygen evolving complex (GO:0009654) ( Supplementary Table 2 ). 412
For the MF category, the number of up-regulated genes annotated with cellulose synthase 413 activity (GO:0016759) increased from 10 to 14 for 0h and 90 min in GT1. Whereas, at 24 h of 414 cold stress, the number of cellulose synthase genes decreased to 9. Interestingly, RRIM600 did 415 not show any enriched categories related to cellulose synthase or categories that could be related 416 to the lignification process during cold treatment. 417
Recent studies have indicated that the purine metabolite allantoin can be involved in the response 418 to stress, for example, playing a role in ABA metabolism and jasmonic signaling and, hence, Furthermore, the number of up-regulated genes related to these GO categories increased during 425 cold treatment ( Supplementary Table 3 ). 426
Putative Molecular Marker Detection 427

Microsatellite Discovery 428
The comprehensive transcriptome was evaluated by searching for microsatellites. A total of 429 27,111 SSRs were found in 21,237 transcripts, and 4,570 transcripts contained more than 1 SSR 430 per sequence. The SSR frequency in this transcriptome was 1 SSR per 7.2 Kb. 431
Among the total putative SSRs detected, 16,621 (61%) were classified as dinucleotides, followed 432 by 9,336 (34%) tri-, 634 (2%) tetra-, 283 (1%) penta-and 237 (1%) hexanucleotides. Among the 433 dinucleotide SSRs, the most abundant motif was AG/TC, at 12,075 (72.65%), followed by the 434 AT/TA, AC/TG and GC/CG motifs, 2,939 (17.68%), 1,560 (9.38%) and 47 (0.2%), respectively 435 (Table 5) . 436
The up-regulated genes detected in the GT1 and RRIM600 genotypes were merged to identify 437 putative SSRs. A total of 1,034 dinucleotide SSRs were identified, followed by 629 tri-,18 tetra-438
,19 penta-and 23 hexanucleotide SSRs ( exclusive to GT1 and 7,484 SNPs were exclusively to RRIM600. 453
qRT-PCR Validation 454
To validate the DEG analysis, a total of 20 genes were selected, and primer pairs were designed 455 to validate the analysis ( Supplementary Table 1 ). All primer pairs were initially tested via PCR 456 using genomic DNA as a template to verify the amplification product. From the 20 primer pairs, 457 14 were successfully amplified and used for qRT-PCR. 458
The qRT-PCR assays were conducted using RH2b and YSL8 as housekeeping genes. Among the 459 14 genes tested (Figure 4 , Supplementary Table 4 ), 11 were differentially expressed between 460 RRIM600 and GT1 and confirmed the in silico analysis. The gene encoding the DELLA protein 461 GAI1 (PASA_cluster_35787) was detected in the in silico analysis as up-regulated in RRIM600 462 across all time point; however, this qPCR results revealed that gene was up-regulated at 0 h and 463 90 minutes of cold stress. For the HSP70 gene (PASA_cluster_30195), which was also identified 464 as up-regulated across all time point in GT1 in the in silico analysis, the qPCR confirmed that the 465 HSP70 gene was up-regulated for the 0 h, 90 min and 12 h time points. After 24 h, HSP70 levels 466
were greater in GT1 than RRIM600, nevertheless this difference was not significant (Figure 4) . 467
The only gene that is not in accordance with the in silico analysis was the protein ETHYLENE 468 INSENSITIVE 3 (EIN3) (PASA_cluster_52015). The in silico analysis showed higher 469 expression levels for EIN3 in RRIM600; however, qRT-PCR results showed that this gene is 470 significantly up-regulated in GT1 (Figure 4) . 471
Alternative Splicing Detection 472
AS is an important mechanism involved in gene regulation that may regulate many physiological 473 processes in plants, including the response to abiotic stresses such as cold stress ( Due to the importance of AS, the reference transcriptome obtained in this study was also used to 478 detect AS events. A minimum depth of 10 reads was used as the threshold to identify isoforms. 479
A total of 20,279 AS events were identified, with intron retention (IR) representing the major AS 480 event, accounting for a total of 9,226 events (45.5%), followed by exon skipping (ES), 481
alternative acceptor (AltA) and alternative donor (AltD) events, at 4,806 (23.7%), 3,599 (17.7%) 482
and 2,648 (13%) events, respectively ( Figure 5) . 483
Although the ES type accounts for the majority of AS events in humans, it has been reported that 484 IR events are the most abundant type in plants (Chamala et al., 2015) . responses to abiotic stress. The metabolism of lipids, sugar and photosynthesis is affected 490 gradually as the stress becomes more severe. The plant response to abiotic stresses is complex 491 and involves interactions and crosstalk with many molecular pathways (Cramer et al., 2011). 492
Therefore, one of the stress tolerance mechanisms could be defined as the ability to detect stress 493 factors and respond to them appropriately and efficiently (Sewelam et al., 2016) . 494
Reactive Oxygen Species Scavenging 495
ROS are continuously produced at basal levels under favorable conditions. Organisms exhibit 496 antioxidant mechanisms that scavenge ROS to maintain the appropriate balance (Foyer and 497 Noctor, 2005) . In recent years, it has been reported that ROS play an important signaling role in 498 plants in response to biotic and abiotic stresses and in controlling processes such as growth (Das 499
and Roychoudhury, 2014). However, different types of stress factors, such as drought, pathogen 500 infection and extreme temperatures, disturb the balance between ROS generation and ROS 501 scavenging, causing oxidative damage to membranes, proteins, RNA and DNA (Mittler, 2002) . 502
The survival of plants therefore depends on many important factors, such as changes in growth 503 conditions, the severity and duration of stress conditions and the capacity of the plants to quickly 504 adapt to changing energy equations (Miller et al., 2010) . Under stressful conditions, plant redox 505 homeostasis is maintained by both antioxidant enzymes, such as pH-dependent peroxidases 506 (POXs), superoxide dismutase (SOD), ascorbate peroxidase (APX), guaiacol peroxidase (GPX), 507 glutathione-S-transferase (GST), and catalase (CAT), and non-enzymatic compounds, such as 508 ascorbic acid (AA), reduced glutathione (GSH), α-tocopherol, carotenoids, phenolics, flavonoids, 509 and proline (Gill and Tuteja, 2010; Miller et al., 2010) . 510
Before exposing the plants to cold stress in the present study, both genotypes presented up-511 regulated genes with similarity to peroxidase. However, GT1 exhibited two up-regulated gene, 512
while RRIM600 exhibited only one. After 90 minutes, only GT1 exhibited up-regulated 513 peroxidase genes. At this time point, we detected a total of four up-regulated genes with the best 514 BLAST hit to peroxidase. However, there were three up-regulated genes in RRIM600 with 515 probable peroxidase activity after 24h of treatment (Figure 6 , Supplementary Table 2 ). 516
SODs are the first line of defense of ROS (Alscher et al., 2002) and we identified two up-517 regulated putative SOD genes in both genotypes. The putative SOD gene that was up-regulated 518 in RRIM600 was detected after 12 h of cold stress, while the SOD gene in GT1 was up-regulated 519 after 24 h of treatment ( Figure 6 , Supplementary Table 2 ). Furthermore, putative GST genes 520
were identified across the time series, where one GST gene was up-regulated in RRIM600 and 521 three were up-regulated in GT1 before cold stress treatment ( Figure 6 ). After 90 minutes, we 522 detected five genes with high similarity to GST genes. Among these five genes, four were up-523 regulated in GT1 and one was up-regulated in RRIM600. At the subsequent time point, we 524 observed an increase in up-regulated GST genes in RRIM600. After 24 hours, RRIM600 up-525 regulated nine putative GST genes, whereas GT1 had only four putative GST genes ( Figure 6 , 526
Supplementary Table 3 ). The significant number of GST genes that were up-regulated in 527 RRIM600 after 24h of cold treatment, indicates that GST genes may play an important role in 528 ROS scavenging, thereby maintaining the integrity of cells. 529 Furthermore, we identified two up-regulated putative thioredoxin H1(TRXh1) genes in 530 RRIM600 after 24 h of cold stress. In Oryza sativa, the TRXh1 gene is involved in stress 531 responses where it regulates the balance of ROS in the rice apoplast. and are hypersensitive to cold and salt stress. 550
The KEGG annotation revealed up-regulated genes in the MAPK pathways for both genotypes 551 across the time series. GT1 and RRIM600 exhibited up-regulated MKK2 and MPK4/6 putative 552 genes before the initiation of the chilling treatment. However, pair-wise comparison between 553 RRIM600 and GT1 revealed that RRIM600 exhibited one MEKK1/ANP1 (EC 2.7.11.25) gene 554 that was exclusively uo-regulated after 90 minutes of cold stress. 555
Regarding MAPK signaling pathway, RRIM600 showed up-regulation of the basic endochitinase 556 B (CHI-B) (EC 3.2.1.14) gene at 12 h and 24 h. This gene product is involved in the 557 ethylene/jasmonic acid signaling pathway. Ethylene/jasmonic acid have also been shown to 558 neutralize chilling stress, activate ROS scavenging enzymes, and regulate the C-repeat binding 559 factor (CBF) pathway during cold stress (Sharma and Laxmi, 2016) . In this study, the number of 560 genes exhibiting high similarity to CHI-B increased from 1 to 4 after 24 h. In this study, we detected a significant increase in up-regulated LecRLK genes in RRIM600 576 relative to GT1 after 24 h of cold treatment. Before initiating the cold treatment, the LecRLK 577 gene was not up-regulated in RRIM600; however, after 24 h, we detected eight up-regulated 578 genes. Interestingly, in GT1, the number of genes identified during cold treatment decreased 579 from seven to one gene ( Figure 7A , Supplementary Table 1 ). LecRLK genes were previously 580 reported to enhance resistance to pathogen infection in tobacco and 581
Arabidopsis (Bouwmeester and Govers, 2009 ) and to a play role in abiotic stress signal 582 transduction (Singh and Zimmerli, 2013) . 583
Cold stress induces the elevation of cytosolic Ca 2+ as an early response. This increase in 584 cytosolic Ca 2+ is suggested to be an important messenger for signal transduction and therefore 585 cold acclimation. In alfalfa and Arabidopsis, a positive correlation between the cold-induced 586 cytosolic Ca 2+ increase and the accumulation of cold-induced transcripts has been observed 587 (Monroy and Dhindsa, 1995; Henriksson and Trewavas, 2003) . Ca 2+ from the cytosol can be 588 detected by Ca 2+ sensors, such as calmodulin (CaM), CaM domain-containing protein kinases 589 (CDPKs), calcineurin B-like proteins (CBLs) and CBL-interacting protein kinases (CIPKs) 590 (Henriksson and Trewavas, 2003) . 591
CaM genes were detected in both genotypes ( Figure 7C ). Relative to RRIM600, GT1 showed up-592 regulation of eight CaM genes prior to cold stress, while after 90 minutes, we identified a total of 593 nine CaM genes ( Figure 7C ). We identified two up-regulated CaM putative genes in GT1 after 594 12 h and 24 h of cold stress. However, RRIM600 showed only one up-regulated CaM gene 595 before cold treatment relative to GT1 ( Figure 7C ). This gene was up-regulated in RRIM600 596 during the entire treatment period. Interestingly, we also identified one up-regulated CIPK gene 597 in GT1 at 90 minutes ( Supplementary Table 2 ). Calcium/calmodulin-regulated receptor-like 598 kinase 1 (CRLK1) is required for cold tolerance via the activation of MAP kinase activity (Yang 599 et al., 2010) . This gene activates MEKK1 in response to cold in a calcium-dependent manner 600 (Furuya et al., 2013) . The differential expression analysis between the two genotypes identified 601 one CRLK1 in GT1 after 12 h of cold stress. Additionally, we identified one up-regulated 602 CDPK2 gene in RRIM600 after 24 h of treatment. 603
Cysteine-rich receptor-like kinases (CRKs) can significantly affect plant development and stress 604 responses . It has been suggested that CRK transcript levels are elevated in 605 response to salicylic acid (SA), pathogens and drought. Additionally, CRKs are involved in 606 mediating the effects of ROS (Bourdais et al., 2015) . It was observed that the number of up-607 regulated CRK genes increased in both genotypes due to cold treatment. Before chilling stress, 608 the comparison between GT1 and RRIM600 exhibited four and three up-regulated CRK genes, 609
respectively. However, after 24 h cold treatment, GT1 and RRIM600 exhibited five and four up-610 regulated CRK genes, respectively. Interestingly, all of the up-regulated genes identified in GT1 611 after 24 h are different from the previous up-regulated CRK genes ( Figure 7B , Supplementary  612  Table 2 ). 613
Proline-rich extensin-like receptor protein kinase (PERK) is structurally organized into a proline-614 rich N-terminal domain, followed by a transmembrane segment and a C-terminal 615 serine/threonine kinase domain (Florentino et al., 2006) . The PERK genes are assigned to two 616 major groups. One group is expressed exclusively in pollen, and the other is expressed 617 throughout all tissues. PERKs may be involved in the early response to general perception and 618 the response to wounding and/or pathogen stimuli and turgor pressure (Osakabe et al., 2014) . 619 GT1 0h and RRIM600 0h exhibited two and three up-regulated genes, respectively. During cold 620 treatment, the number of up-regulated genes increased in both genotypes. After 24 h of chilling 621 stress, the comparison between RRIM600 and GT1 revealed five and seven up-regulated genes 622 in each genotype, respectively ( Supplementary Table 2 ). 623
Photosynthesis Activity and Stomata Closure 624
Cold stress can cause an imbalance between light utilization and energy dissipation through 625 metabolic activity. An excess of photosystem II (PSII) excitation pressure exists, which can be 626 reversible through the dissipation of excess absorbed energy or irreversible inactivation of PSII 627 and, consequently, inhibition of the photosynthetic capacity (Oquist and Huner, 2003) . The 628 imbalance in the PSII caused by cold stress might generate ROS, which can then damage the 629 photosynthetic apparatus and the whole cell (Tyystjarvi, 2013) . Therefore, tolerance to cold-630 induced photoinhibition can be considered a mechanism for cold tolerance. Additionally, 631
RubisCO plays a central role in CO 2 assimilation and photosynthesis efficiency. Crops that are 632 acclimated to cold, such as winter wheat and rye, adjust their RubisCO content and are able to 633 maintain a high CO2 assimilation rate (Yamori et al., 2010) . 634
Low temperature can also affect the enzymes and ion channels responsible for maintaining the 635 guard cell osmotic potential (Ilan et al., 1995) . Due to the reduction in the photosynthetic 636 capacity caused by cold stress, there is an increase in internal CO 2 in the substotamal cavity, 637 which reduces the stomatal aperture (Wilkinson et al., 2001) . 638
In this study, GO enrichment analysis revealed enriched categories in up-regulated genes in GT1 639 related to photosynthesis compared to RRIM600 after 24 cold stress. Although we observed 640 enriched GO categories related to plant defense in GT1 after 24h, we also identified enriched 641 categories associated with photosystem II (GO:0009523), photosystem (GO:0009521), 642 photosynthetic membrane (GO:0034357), chlorophyll biosynthetic process (GO:0015995), and 643 photosynthesis (GO:0015979) ( Supplementary Table 3 ). Additionally, the qPCR validation 644 corroborated the in silico DEG analysis, in which the RubisCO gene was found to be up-645 regulated in GT1. 646
The pair-wise comparison between GT1 and RRIM600 revealed that the abscisic acid (ABA) 647
receptor PYL4 gene was up-regulated in RRIM600 at 0 h, 90 minutes and 24 h of chilling stress. 648
Additionally, after 24 h of cold stress, RRIM600 showed up-regulation of two abscisic acid 649
receptor PYL4 genes and one ABA receptor PYR1 gene ( Supplementary Table 3 ). The 650 PYR/PYL ABA receptor genes are involved in ABA-mediated responses and play a major role 651 in basal ABA signaling for vegetative and reproductive growth, modulation of the stomatal 652 aperture and the transcriptional response to the hormone (Gonzalez-Guzman et al., 2012). Recent 653 studies have demonstrated that overexpression of the PYR1 gene in poplar significantly reduces 654 the content of H 2 O 2 and significantly contributes to cold tolerance . 655
In GT1, the phototropin (PHOT1) gene, which is a blue-light receptor kinases that optimizes 656 photosynthetic activity by sensing temperature and control the stomatal opening (Fujii et al., 657 2017, Sullivan et al., 2008) , was up-regulated at 90 min and 12 h. We also observed that after 24 658 h of cold stress. GT1 showed up-regulation of a gene with high similarity to zeaxanthin 659 epoxidase, which plays an important role in the xanthophyll cycle and alleviates the excitation 660 pressure on the PSII reaction diverting photon energy into heat via zeaxanthin (Sui et al., 2007) . 661
Furthermore, we identified one up-regulated gene in RRIM600 after 12 and 24 h of chilling 662 stress with high similarity to the HT1 gene. In Arabidopsis, the HT1 serine/threonine kinase gene 663 is reported to be involved in the control of stomatal movement in response to CO 2 . Additionally, 664
genes with high similarity to hexokinase-1 and PtdIns3P 5-kinase (PI3P5K) were up-regulated in 665 RRIM600 at 24 h of treatment. These genes are also reported to be related to stomatal closure via 666 ABA (Bak et al., 2013) ( Supplementary Table 2 ). 667
In Arabidopsis, SRK2E is a positive regulator in ABA-induced stomatal closure and is involved 668 in stress adaptation. Additionally, SRK2E acts as a transcriptional repressor involved in the 669 inhibition of plant growth under abiotic stress conditions (Yoshida et al., 2006) . In this study, we 670 identified the SRK2E gene as being up-regulated in RRIM600 after 90 minutes of cold 671 treatment. 672
Molecular Markers for Rubber Tree Breeding 673
Molecular markers such as SSRs and SNPs are abundant in plant genomes. The development and 674 genotyping of molecular markers is an important tool in genomic breeding and is the basis for 675 genome selection (GS), genetic mapping and genome-wide association mapping (GWAS) as 676 well as genetic linkage mapping. Next-generation sequencing allows the identification of 677 thousands of putative SSR and SNP markers. Additionally, the identification of SNPs in genes 678 using RNA-seq data allows the development of markers in candidate genes and the investigation 679 of the variability of these genes in rubber trees (Mantello et al., 2014) . 680
In this study, we identified a total of 27,111 putative SSRs and 264,341 putative SNPs. The 681 putative molecular markers can be employed as a source to develop new markers for the species. 682
The recent release of the H. brasiliensis genome, associated with the genome annotation, can be 683 used to evaluate gene content and develop new markers in potential candidate genes. In this 684 study, for example, we performed qPCR for a gene exhibiting high similarity to the ZAT10 gene. 685
In Arabidopsis, ZAT10 plays an important role in cold tolerance and may be involved in the 686 jasmonate early signaling response (Mittler et al., 2006 identified 636 intron retention events corresponding to 41% of the total AS identified. However, 710
these authors suggested that the number of identified AS is a small subset of the total possible 711 number of AS events because their study used untreated leaf samples. In this study, we described 712
AS events in rubber tree using leaf tissue under abiotic conditions for the first time. We detected 713 a total of 9,226 intron retention events with a minimum of 10 reads supporting the AS sites, 714 which corresponded to 45.5% of the total events identified. Alternative donor events represented 715 a minority of the total number of detected AS events at 13%. 716
The results of in this study provide an overview of AS events in rubber tree based on non-717 stressed and cold stressed samples. Due to the importance of AS in plant adaptation, these data 718
can be employed for further investigation of cold stress adaption in this species. 719
Rubber tree breeding 720
Compared to other crops, rubber tree domestication and breeding is recent, having started 721 approximately 100 years ago (Mantello et al., 2014) . Recent physiological studies involving 722 rubber tree genotypes have demonstrated that RRIM600 is resistant to cold stress, while GT1 is 723 cold tolerant, showing little leaf damage after 18 days of chilling exposure. It has been suggested 724 that RRIM600 presents an "avoidance" strategy, in which it rapidly closes its stomata and down-725 regulates photosynthetic activity. Although GT1 is considered an intermediate tolerant genotype, 726
this clone continues to grow and remains active with little leaf damage (Mai et al., 2010) . The 727
RNA-seq approach utilized in this study allowed a rapid and deep investigation of the genetic 728 response under abiotic and biotic stresses in non-model species. The DEG analysis performed in 729
this study provides insight to the genes up-regulated in each genotype, RRIM600 and GT1, 730 across various durations of cold stress and corroborates the physiological findings of Mai et al. 731 (2010) . In this study, we observed that RRIM600 exhibits a more efficient ROS scavenging 732 system compared with GT1, based on the large number of genes related to ROS scavenging that 733
were up-regulated in RRIM600 during cold treatment. Moreover, important genes previously 734
reported to be involved in stomatal closure were up-regulated in RRIM600. We also observed 735
that genes related to cell growth were up-regulated in GT1 after 24 h hours of cold stress. 736
Although we identified genes related to the defense response in GT1, the DEG and GO 737 enrichment analyses showed that GT1 remains active, displaying up-regulation of genes related 738 to photosynthesis during cold treatment. In addition, GT1 probably has a more efficient strategy 739 for strengthening the cell wall, as revealed through GO enrichment analysis. 740
Rubber tree breeding programs are interested in genotypes resistant to cold and that exhibit latex 741 production that does not cease during the cold season. The elucidation of different chilling 742 tolerance strategies linked to information about possible genes involved in such responses, 743
including the identification of molecular markers in these genes associated with information on 744
AS events, provides a powerful tool for the genetic and genomic analysis of the rubber tree for 745 breeding strategies and future studies involving GWAS and GS. 746
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